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Available online 10 August 2014AbstractTo better understand the factors controlling the growth of larch trees in Arctic taiga-tundra boundary ecosystem, we
conducted field measurements of photosynthesis, tree size, nitrogen (N) content, and isotopic ratios in larch needles and soil.
In addition, we observed various environmental parameters, including topography and soil moisture at four sites in the
Indigirka River Basin, near Chokurdakh, northeastern Siberia. Most living larch trees grow on mounds with relatively high
elevations and dry soils, indicating intolerance of high soil moisture. We found that needle d13C was positively correlated with
needle N content and needle mass, and these parameters showed spatial patterns similar to that of tree size. These results
indicate that trees with high needle N content achieved higher rates of photosynthesis, which resulted in larger amounts of C
assimilation and larger C allocation to needles and led to larger tree size than trees with lower needle N content. A positive
correlation was also found between needle N content and soil NHþ4 pool. Thus, soil inorganic N pool may indicate N
availability, which is reflected in the needle N content of the larch trees. Microtopography plays a principal role in N* Corresponding author. Graduate School of Environmental Science, Hokkaido University, Sapporo, Hokkaido 060-0810, Japan.
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328 M. Liang et al. / Polar Science 8 (2014) 327e341availability, through a change in soil moisture. Relatively dryer soil of mounds with higher elevation and larger extent causes
higher rates of soil N production, leading to increased N availability for plants, in addition to larger rooting space for trees to
uptake more N.
© 2014 Elsevier B.V. and NIPR. All rights reserved.
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Arctic and boreal ecosystems, which cover 22% of
the land surface area, play a fundamental role in the
global carbon (C) cycle because of their large pools of
soil organic matter (Chapin et al., 2000; Schuur et al.,
2008; Tarnocai et al., 2009). Emissions of greenhouse
gases, such as methane, exhibit very different dy-
namics in boreal forest vs. Arctic tundra. These eco-
systems, and especially areas at the boundaries
between the two, are important for the cycling of
materials and the global climate system (D'Arrigo
et al., 2004; Devi et al., 2008; McGuire et al., 2009).
Both vegetation types exist heterogeneously in
boundary ecosystem areas, and may potentially
develop into either forest or tundra.
Arctic and boreal ecosystems are exposed to rapid
and strong increases in temperature and related envi-
ronmental changes under Arctic amplification (the
larger magnitude of warming at northern high latitudes
relative to the global average) (Serreze and Barry,
2011), and further warming is expected to occur in
the next 50e100 years (ACIA, 2004; IPCC, 2007;
IPCC, 2013). Global warming has directly affected
the growth and distribution of plants (D'Arrigo et al.,
2004; Wilmking et al., 2004; Tape et al., 2006; Devi
et al., 2008; Forbes et al., 2010; Blok et al., 2011).
In addition, warming-mediated changes in nitrogen (N)
availability and/or soil moisture are expected to affect
the productivity and composition of plant communities
(Chapin et al., 1995; Barber et al., 2000; Sturm et al.,
2005; Bunn et al., 2007; Lloyd and Bunn, 2007; Natali
et al., 2012). Such changes in vegetation may cause
feedback effects on global climate through changes in
energy, water, and carbon cycles (Callaghan et al.,
2004; Chapin et al., 2005; McGuire et al., 2009).
It has been widely recognized that warmer condi-
tions enhance productivity, especially in the Arctic
tundra ecosystem. There is evidence that Arctic tundra
has experienced increased shrub growth and range
expansion in recent decades (Sturm et al., 2001; Bunn
and Goetz, 2006; Tape et al., 2006; Bunn et al., 2007;
Forbes et al., 2010). Similarly, the tree line has shiftednorthward and to higher elevations (Shiyatov et al.,
2005; Devi et al., 2008), and spring warming has
enhanced the productivity of boreal forests (Wilmking
et al., 2004; Bunn and Goetz, 2006). However, summer
warming reduces forest productivity when the tem-
perature increases beyond the physiological threshold
of existing tree species (D'Arrigo et al., 2004;
Wilmking et al., 2004). Satellite data show that the
net primary production (NPP) of forests at high
northern latitudes increased significantly from 1982 to
1991, but decreased during the 2000s (Bunn et al.,
2007; Berner et al., 2011). In addition, tree ring pa-
rameters indicate that tree growth declined during the
second half of the 20th century (Barber et al., 2000;
D'Arrigo et al., 2004; Lloyd and Bunn, 2007). These
phenomena may be caused by warming-mediated
drought stress (Barber et al., 2000; Bunn et al., 2007;
Lloyd and Bunn, 2007).
One of the most important factors controlling the
growth and composition of vegetation is soil moisture.
In northern high-latitude regions, changes in summer
rainfall, evapotranspiration, winter snowfall, and
timing of snowmelt significantly affect soil moisture
during the growing season. Permafrost also signifi-
cantly influences the moisture content of surface soil
layers, and the interaction between vegetation and
permafrost through shading effect of surface vegetation
has been also pointed out (Blok et al., 2010). Excess
soil moisture caused by large amounts of precipitation
and low permeability of permafrost was found to
induce tree mortality in eastern Siberia (Iwasaki et al.,
2010), and such paludification is likely to occur in the
lowland areas of the taiga-tundra boundary ecosystem.
It has also been reported that paludification caused
forest retreat in subarctic Canadian forests and western
Siberia about 6000 years ago (Kremenetski et al.,
1998; Crawford et al., 2003). Deficiency of O2
caused by high soil moisture suppresses tree growth
(Kozlowski, 1984), and leads to methane emissions
through anaerobic decomposition of soil organic mat-
ter (Schuur et al., 2008; McGuire et al., 2009). Toler-
ance to high soil moisture differs among tree species
(Kozlowski and Pallardy, 2002; Kozlowski, 1984); it is
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characteristics of soil moisture to predict future
changes in vegetation.
It is generally believed that N availability is an
important factor that controls the type and productivity
of vegetation in high-latitude regions where availabil-
ity of the nutrients is usually low (Chapin et al., 1995;
Chapin and Shaver, 1996; Nasholm et al., 1998;
Jonasson et al., 1999; Schimel and Bennett, 2004).
This concept is grounded on the fact that the photo-
synthetic rate is frequently limited by N (Evans, 1989;
Bond et al., 1999; Hikosaka, 2004). There have been
many reports on the relationship between productivity
and N availability in Arctic tundra ecosystems.
Experimental studies performed in Alaska have
demonstrated that NPP increases with N availability
which would be caused by enhanced N mineralization
(Chapin et al., 1995; Sturm et al., 2005; Natali et al.,
2012). In contrast, fewer studies have been conducted
on the N availability and productivity in boreal forest
regions. However, investigations in Sweden and Can-
ada derived similar results, showing that soil inorganic
N pool varied with the productivity of boreal forests
(Nordin et al., 2001; Kranabetter et al., 2007).
Although it is challenging to obtain precise estimates
of available N for trees, these studies suggest that the
soil inorganic N pool may be an indicator of N
availability.
Heterogeneous surface relief (microtopography)
creates complexity in ecosystem processes. Patterns of
microtopography cause spatial variations in vegetation
and in soil moisture and temperature, leading to dif-
ferences in greenhouse gas emissions (Peterson and
Billings, 1980; van der Molen et al., 2007;
Sommerkorn, 2008). Observations in a Canadian tun-
dra ecosystem revealed that heterogeneous micro-
topography also affected soil microbial activity and
nutrient availability (Chu and Grogan, 2010).
Arctic and boreal forest ecosystems in eastern
Siberia are characterized by a continentally dry climate
and taiga over permafrost. The deciduous conifers
Larix gmelinii and Larix cajanderi (larch) are the
dominant plant species in this region, and tree growth
has been primarily controlled by soil moisture
(Kagawa et al., 2003). The permafrost system plays an
important role in water supply for larch trees during
summer drought (Sugimoto et al., 2002, 2003). The
taiga forest ecosystem in eastern Siberia has experi-
enced repeated drought over the last 200 years (Tei
et al., 2013a), while overly wet conditions have also
impacted this ecosystem. Recent increases in precipi-
tation led to extreme wet conditions in 2006e2007,which trees had not experienced in the previous 100
years (Tei et al., 2013b). During this wet period, trees
growing in depressions were subject to extensive
mortality (Iwasaki et al., 2010).
In eastern Siberia, soil temperatures are low because
of the permafrost (especially in early summer), which
affects soil N dynamics. Popova et al. (2013) observed
an exponential increase in the soil inorganic N pool
with degree-days of surface soil temperature. This
finding indicates that the availability of N to plants is
low when plant demand for N is high (early summer).
The taiga-tundra boundary ecosystem is located at the
northern edge of the taiga forest. It is important to
understand probable future changes of this ecosystem.
For this better understanding, it is necessary to un-
derstand controlling factors on larch tree growth and
distribution. High soil moisture and low N availability
are expected to limit larch tree growth. Therefore, here,
we aimed to determine larch tolerance under high soil
moisture and N availability conditions in this
ecosystem, and the roles of these factors on larch tree
distribution and growth. For these purposes, we con-
ducted observations of larch trees and environmental
conditions, including depth of the active layer, soil
moisture, and the soil N pool in the Indigirka Lowland,
near Chokurdakh in eastern Siberia.
Stable carbon and nitrogen isotope ratios of larch
needles were also measured in this study. Isotopic ra-
tios have been used in various plant physiological
studies (Dawson et al., 2002). Because leaf d13C
largely depends on stomatal conductance and the rate
of photosynthesis (Farquhar et al., 1982), it has been
used to study the physiological conditions of plants
during photosynthesis. Variability in leaf d15N in-
dicates differences in the sources of N used by plants
(e.g., Craine et al., 2009). We applied these parameters
to our research.
2. Methods
2.1. Study area and observational sites
Observations and sampling were conducted at four
sites near Chokurdakh (70370N, 147540E), Yakutia,
Russian Federation (Fig. 1). The Baseline Meteoro-
logical Data in Siberia Database (BMDS Version 5.0)
indicated that mean annual air temperature at Cho-
kurdakh station was 13.9 C; monthly average tem-
perature in January (coldest month) and July (warmest
month) were 34.2 and 10.0 C, respectively; and
annual mean precipitation was 208 mm from 1950 to
2008 (Yabuki et al., 2011).
Fig. 1. Location of the study area in northeastern Siberia. In the right panel, thick and thin lines represent the Indigirka River and its tributaries,
respectively. Areas filled with lines represent lakes. The closed circle indicates the location of village of Chokurdakh. Stars indicate the
observation sites V, A, K, and B. Intensive observations were conducted at site K.
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larch density (Larix gmelinii) (designated “A,” “B,”
“V,” and “K,” Table 1) were established in the Indi-
girka Lowland, along the main stream and tributaries
of the Indigirka River (Fig. 1). Several Sphagnum and
other moss species generally cover the ground surface
of the Indigirka Lowland, while graminoids (especially
cotton sedges) grow in waterlogged depressions.
Several woody species are also present at the sites:
larch trees grow at relatively higher topographical lo-
cations (in this study, such locations are termed tree
mounds), while alders and willows tended to be located
in depressions and more frequently disturbed areas.
Site Awas located on a typical foothill (peaks about
40e60 m above river level) area, where larch trees
grew on hill-slope. The other three sites were mostly
flat, with larch trees growing on tree mounds. Site B
had the lowest density of larch trees growing on small
isolated mounds surrounded by tundra vegetation, and
site V contained relatively dense larch stands that
located in elevated areas. Site K was a typical taiga-
tundra boundary landscape with flat topography, and
represented our primary observational site.
We established a 100 x 100-m plot at the site K, in
which we observed the microtopography and tree dis-
tribution. Because the surface vegetation depends on
the microtopography, mapping of surface condition
(vegetation type) was made by visual investigation.
Surface condition was divided into three classes; tree
mound, wet area covered by sphagnum, and wet area
dominated by cotton sedge. Most larch trees at site Kgrew on tree mounds, but some trees were also found
living in or around wet areas covered by sphagnum.
We therefore observed trees growing in or around the
wet areas of site K (hereafter termed “K tree wet”) for
comparison with trees growing on mounds (“K tree
mound”). Soil moisture and N content were also
observed at additional three subsites absent of living
larch trees: “K dead tree,” where dead trees were
observed in a wet area; “K sphagnum wet,” where
sphagnum was dominant in a wet area; and “K sedge
wet,” where cotton sedge was dominant in a wet area.
Active layer depth was typically in a range of
20e40 cm, and surface soil was sphagnum peat and/or
clay. Typical vegetation, tree mound size, thaw depth,
and soil texture at each site and subsite are presented in
Table 1.
2.2. Field observations and analyses
Field observations and sampling were conducted
during the growing season of each year from 2009 to
2013, on the following dates: 21e24 July 2009, 14e25
July 2010, 9e28 July 2011, 25 Junee4 August 2012,
and 17 Junee7 August 2013.
2.3. Topography, vegetation, tree distribution, and
tree size
As explained in the site description for site K in 2.1,
surface condition was divided into three classes as
follows: i) tree mounds where surface is covered by dry
Table 1
Larch tree density, topography, vegetation and soil properties at each site.
Location Site name Larch trees density Height (cm) and
extent (m)
of tree mounda
Thaw depthb (cm) Soil texture
of 0e10 cm
and 10e20 cm
Soil density of
0e20 cm in
2011 (g cm3)
Pool (mg N$m2) and Content
(mg N$g1 soil) of soil NHþ4
in 0e20 cm
Number of
selected trees
for observation
Topogrphy with
vegetation
2011 2012
Allaiha
70.52 N 147.30 E
A Relatively dense hillslope e 33 ± 11 (n ¼ 6) Moss þ peat 0.28 ± 0.20
(n ¼ 6)
e e
6 Larch, salix, betula, moss,
dry sphagnum
e Peat or clay e e
Verkhniy Khatistakh
70.25 N 147.47 E
V Relatively dense
tree mound
102 (cm)
(n ¼ 2)
27 ± 6 (n ¼ 3) Moss þ peat 0.34 ± 0.06
(n ¼ 3)
e 105 ± 36
(n ¼ 3)
4 Larch, salix, alnus, moss e Peat and clay e 1.9 ± 0.8
(n ¼ 3)
Boydom
70.64 N 148.15 E
B Isolated tree mound 22 ± 15
(cm) (n ¼ 3)
19 ± 1 (n ¼ 3) Moss þ clay 0.67 (n ¼ 2) e e
4 Larch, salix, moss 1e2 (m) (2010) Clay e e
Kodak
70.56 N 148.26 E
K tree mound Sparse tree mound 32 ± 20
(cm) (n ¼ 134)
35 ± 7 (n ¼ 3) Moss þ peat 0.33 ± 0.26
(n ¼ 3)
61 ± 29 (n ¼ 3) 39 ± 18
(n ¼ 3)
4 Larch, salix, betula,moss,
dry sphagnum
19.4 ± 9.2
(m) (n ¼ 86)
Peat or clay 1.7 ± 1.9 (n ¼ 3) 0.8 ± 0.7
(n ¼ 3)
K tree wet 3 Sparse tree mound
in wet area
11 ± 11 (cm)
(n ¼ 17)
28 ± 6 (n ¼ 3) Moss þ peat 0.05 ± 0.03
(n ¼ 3)
43 ± 12 (n ¼ 3) 12 (n ¼ 1)
Larch, wet sphagnum 1e2 (m) Peat or clay 5.0 ± 3.2 (n ¼ 3) 1.8 (n ¼ 1)
K dead tree na na e Sphagnum þ peat e e e
na Wet area dead larch,
wet sphagnum
na Sphagnum þ peat e e
K sphagnum wet na na 25 ± 0 (n ¼ 3) Sphagnum þ peat 0.05 ± 0.01
(n ¼ 3)
54 ± 18 (n ¼ 3) e
na Wet area wet sphagnum na Sphagnum þ peat 5.2 ± 1.7 (n ¼ 3) e
K sedge wet na na 37 ± 10 (n ¼ 23) Sphagnum þ peat 0.17 ± 0.06
(n ¼ 3)
59 ± 31 (n ¼ 3) e
na Waterlogged wet area
(hummock and
hollows) cotton sedge,
sphagnum
na (2013) Peat or clay 1.6 ± 0.3 (n ¼ 3) e
na: not applicable;d: no data.
n represents the number of measurements; values are averages with SD (standard deviation) when n  3.
a Tree mound height was determined as the average elevation of the ridge relative to that of the surrounding sphagnum wet area. Horizontal extent of tree mounds at site B and K tree wet was
estimated from photographs, while that of the tree mound at K tree mound was calculated from the results of leveling as the average distance between sphagnum wet areas.
b Thaw depth was observed during the period from 15 to 28, July 2011, except for Boydom (14e20, July 2010) and K sedge wet (13 and 14, July 2013).
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Aulacomnium) and dry sphagnum (Sphagnum warn-
storfii, Sphagnum girgensohnii), which is usually pre-
sent on relatively dry surfaces, with larch trees growing
on the tree mounds; ii) wet areas covered by sphagnum
(Sphagnum bulticum, Sphagnum angustifolium,
Sphagnum squarrosum); iii) wet areas dominated by
cotton sedge (Eriophorum angustifolium) where sur-
face is usually waterlogged during wet period. Loca-
tions of living and dead trees in the 100 x 100-m plot at
site K were also plotted on the map.
Leveling was conducted every 5 m in the plot of site
K to determine the surface level, and vegetation at the
grid point of the leveling was also described. At sites B
and V, the levels were observed every 5 m along a 50-
m transect. Three transect lines were set at site B,
while one transect was observed at the site V. Thaw
depth was also observed at the same point as leveling,
by inserting a sounding probe, which is a stainless steel
rod with a tapered end.
Horizontal extent and height of the tree mounds
were estimated from the results of the leveling mea-
surements and direct observation of the mounds on
which observed trees grew. Typically, one larch tree
grows on a single tree mound, which is surrounded by
wet area. In such instances, horizontal extent of the
tree mound was simply measured. At site K, however,
several tree mounds merge into a series of tree mounds,
where wet area exists in not all depressions between
two tree mounds, resulting in small and isolated
sphagnum wet areas interspersed in a series of tee
mounds. In these instances, we defined the horizontal
extent of tree mound as that of the series of tree
mounds, and obtain it as the distance between
sphagnum wet areas, based on the leveling and vege-
tation data. Height of the tree mounds was determined
as the elevation of the ridge of the tree mound relative
to the sphagnum wet area. We directly measured the
elevation in the field, or from photographs for isolated
mounds. For the series of mounds at site K, the average
elevation of the grid points of leveling on the series of
mounds was obtained.
Diameter at breast height (DBH; 1.3 m) and tree
height were measured for the larch trees that were
selected as typical trees at each site (Table 1). The
girth of the trunk at breast height was measured to
calculate DBH (cm). Tree height (m) was measured
directly with a stake or by measuring the distance and
angle. The average values of height and DBH were
calculated for all observed trees at each site, with the
exception of one tree at site B with a height of 1.5 m.
Since at site B there was not enough number of maturetrees suitable for the observation, we selected three
mature trees and one regenerating tree. Photosynthesis
was observed for all four trees, but only the three
mature trees were used to calculate typical tree size at
this site.
2.4. Photosynthesis
Three to six typical trees were selected at each site
or subsite for the observations of photosynthetic rates.
These trees were also used for needle samplings for N
contents and stable isotope measurements. We
observed in situ rates of photosynthesis by using nee-
dles on intact stems from 0.5 to 1.7 m above the ground
level. Measurements were conducted under natural
solar radiation by using an LCA4 portable porometer
(ADC, Hoddesdon, UK) with a conifer chamber.
Current-year shoots were removed before measure-
ment. Diurnal photosynthesis was measured on sunny
days at 2-h intervals; daytime (from 9:00 to 16:00 in
local time) photosynthesis was measured on both
sunny and cloudy days. After the measurements, the
stems were cut and the needles in the chamber were
collected and scanned to calculate total needle area by
using Image J (http://rsb.info.nih.gov/ij/). The needles
were then dried at 60 C for 48 h and weighed to obtain
mass (mg needle1).
Photosynthetic rates were measured for typical trees
selected at each site (four trees at K tree mound and
three trees at K tree wet), and were averaged for those
trees (Table 1). In 2012, only two trees were observed
at K tree wet, because one of the selected trees was
dying.
2.5. Nitrogen content, d13C, and d15N of larch needles
Larch needles on short branches of the selected
trees for photosynthesis measurements were sampled
at a height of 0.5e1.7 m above the ground. Needle
samples collected after photosynthetic measurements
to obtain leaf area were used for the analyses. Needle
samples were milled in a mortar after freezing with
liquid N2, and were then dried at 60
C for 48 h. Dried
samples containing 0.5 mg C or 0.06 mg N were
wrapped in tin capsules to analyze C and N contents
and isotopic ratios. Isotopic analysis was conducted at
the Faculty of Environmental Earth Science, Hokkaido
University, Japan, using a continuous-flow carrier-gas
system (ConFlo) with an isotope ratio mass spec-
trometer (Delta V, Thermo Finnigan, Bremen, Ger-
many) and an elemental analyzer (Flash EA 1112).
Isotope ratios were expressed as:
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
or d13C
¼ Rsample

Rstandard  1
 1000ð‰Þ;
where Rsample and Rstandard are the molar ratios of heavy
to light isotopes (13C/12C or 15N/14N) of the samples
and standards, respectively. The standards were Vienna
PeeDee Belemnite (V-PDB) for C and atmospheric N2
for N.
2.6. Soil moisture, soil d15N, and soil N pools
Volumetric water content (g cm3) of the surface
soil layer (0e20 cm) was observed using a time-
domain reflectometer (TDR, Hydrosense, Campbell
Scientific, Inc. Utah, USA) at all four sites in 2010 and
at site B in 2011. Volumetric water content was also
obtained by weighing fresh and oven-dried (110 C for
24 h) samples from 10 cm  10 cm  10 cm
(approximately 1 L) soil columns. At least three soil
columns were collected except for site B where only
two columns were sampled. The fresh and dry weights
of the soil column were also used to calculate soil
density. The soil columns were collected approxi-
mately 40 cm away from each of the observed larch
trees every 10 cm from the surface to the frozen layer.
In 2011, soil columns were also obtained from the
subsites of K sphagnum wet and K sedge wet; however,
the water content of those samples may have been
underestimated because water was lost from the satu-
rated soil columns during sampling. In 2012, soil col-
umns were collected by different trees instead of
selected trees, at the sites with vegetation and micro-
topography similar to those of the selected trees to
prevent disturbance by soil samplings. Soil moisture
data obtained from soil samples collected soon after
heavy rainfall were not used because average status of
soil moisture should be shown here, while those soil
samples were used for analyses for N pools.
Soil N content and d15N of the milled soil samples
were analyzed at the Far East Geological Institute, Far
East Branch, Russian Academy of Sciences, Vladi-
vostok, Russia, with a method similar to that used for
needle N, by using a MAT 253 isotope ratio mass
spectrometer (Thermo Fisher Scientific, Bremen, Ger-
many). Soil inorganic N was extracted according to
Jones and Willett (2006). A 4 g of subsample of fresh
soil was placed in a centrifuge tube (50 ml) with 40 ml
of 2 M KCl solution (1:10 w/v) and was shaken for
60 min, followed by centrifugation at 4400 rpm for
30 min to obtain the supernatant. The supernatant was
filtered and kept in a centrifuge tube at 18 C.
Concentrations of NO3 , NH
þ
4 , and total dissolved N
(TDN) were analyzed using a continuous flow analyzer(Bran and Luebbe, Norderstedt, Germany) at Hokkaido
University. Then, the concentration of dissolved
organic N (DON) was calculated. N pools in the sur-
face soil (0e20 cm) obtained for a unit weight of dry
soil (mgN/g dry soil) were converted to those for a unit
area (mgN/m2) using the dry weights of the unit vol-
ume of soil columns (that is soil density).
2.7. Statistical analysis
T-tests and one-way ANOVA were used to examine
differences in the average values among sites and
subsites, after verification of equal variance by using
F-tests.
3. Results
3.1. Larch tree distribution and surface condition
Larch tree distribution in the 100  100-m plot at
site K is shown in Fig. 2. Patchy landscape, including
tree mound dominating areas, and wet areas covered by
sphagnum and those dominated by cotton sedge are
seen. Most larch trees grow in mound dominating area.
In addition, several trees were found in and around wet
areas covered by sphagnum, with these trees being
typically thin and small. Living larch trees did not
grow in wet areas dominated by cotton sedge. Yet,
dead trees were found on mounds and in wet areas
covered by sphagnum and cotton sedge. As shown in
Table 1, the horizontal extent of each tree mound, or a
series of tree mounds, was 19.4 ± 9.2 m, with a relative
height of 32 ± 20 cm at K tree mound. In comparison,
the extent of the tree mound was smaller than 2 m and
the relative height was low (11 ± 11 cm) at K tree wet.
The average stand densities of larch trees taller than
1 m and saplings (of height less than 1 m) in the K site
observation plot were 341 and 168 trees ha1,
respectively.
The tree mounds at site B were relatively small (less
than 2 m), which was similar to those at K tree wet, and
elevation was low (22 ± 15 cm). At site V, trees grew
on a terrace, with the relative elevation being higher
(102 cm) than those of tree mounds at site K and B
(Table 1).
3.2. Photosynthesis
The rates of photosynthesis observed at K tree
mound were compared with those at K tree wet on
sunny and cloudy days (Fig. 3). The maximum rate of
photosynthesis observed in 2011 (11.8 mmol m2 s1)
Fig. 2. Map of the observation plot at site K. Landscape features and
distribution of larch trees are shown by patterns and symbols. The
open pattern represents tree mound area; light and thick shaded
patterns indicate sphagnum and cotton sedge wet areas, respectively.
Closed circles represent living trees; squares and triangles represent
living trees selected for the observations in this study. Squares
indicate trees growing on mounds (subsite K tree mound). Triangles
indicate trees growing on isolated tree mounds in the sphagnum wet
area (subsite K tree wet). Small circles and crosses are saplings and
dead larch trees, respectively.
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tively. Data for 2011 were obtained only on sunny days, while results
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August, 2012. All data shown in this figure are the average values of
measurements conducted every 1e2 h for selected trees.
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(8.8 mmol m2 s1) (P < 0.01). High photosynthetic
rate was observed between 9:00 and 16:00 local time
when PAR was high (1500e2000 mmol m2 s1) in
both 2011 and 2012. However, the rates observed in
2012 were much lower than those in 2011.
In 2012, K tree mound exhibited significantly higher
photosynthetic rates than K tree wet (one-tailed t-test,
P < 0.01), while the difference was not clear in 2011.
However, under high PAR conditions in both 2012 and
2011, K tree mound exhibited significantly higher
photosynthetic rates (10.0 ± 1.9 mmol m2 s1) than K
tree wet (8.9 ± 1.7 mmol m2 s1) (F ¼ 4.5, P ¼ 0.04).
3.3. Needle d13C, N content, and tree size
The d13C of larch needles was significantly and
positively correlated with needle N content among the
sites in each year (r ¼ 0.92, P < 0.05 in 2009; r ¼ 0.80,
P ¼ 0.10 in 2010; r ¼ 0.92, P < 0.05 in 2011)
(Fig. 4a). Needle d13C was lower and needle N contentwas higher in 2010 than in 2009 and 2011. A positive
correlation was also found between needle d13C and
needle mass (r ¼ 0.79, P < 0.01) (Fig. 4b). Unlike the
relationship between d13C and N content, the rela-
tionship between d13C and needle mass was consistent
during the three years of the study.
Nitrogen content of the larch needles varied among
sampling years. However, a consistent trend in needle N
content in relation to microtopographic position was
observed (K tree wet < B < K tree mound < A and V) in
all years. In addition, the average values for the three
years differed significantly among sites (P < 0.01): K
treewet (1.59%± 0.17%)<B (1.72%± 0.16%)<K tree
mound (1.85% ± 0.22%) < A (2.01% ± 0.41%) and V
(2.21%± 0.28%) (Fig. 5). Needle mass showed a similar
trend to needle N content in all three years, with the
following average values for the three years: K tree wet
(0.47 ± 0.09 mg needle1) < B (0.52 ± 0.06 mg nee-
dle1) < K tree mound (0.58 ± 0.10 mg needle1) < A
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335M. Liang et al. / Polar Science 8 (2014) 327e341(0.66 ± 0.15 mg needle1) and V (0.62 ± 0.10
mgneedle1) (P< 0.01). Fig. 5 shows needlemass andN
content of the three-year average at each site with data
for tree size. Tree height and DBH varied similarly to
needle N content and mass.
3.4. Soil moisture, soil N pool, and d15N of needles
and soil
Soil moisture (volumetric water content) that was
observed in July 2010, 2011, and 2012 is presented in
Fig. 6. Soil moisture in the surface layer (0e20 cm) didFig. 5. Tree height (open columns), diameter at breast height (DBH,
lined columns), needle mass (closed squares), and needle N content
(closed triangles) at five sites (or subsites) are shown as average ± SE
(standard error) for three years (2009e2011). The letters a, b, c, and
d represent significant differences in needle N content and needle
mass among sites.not vary significantly (14e25%) among the sites that
supported living larch trees, and it was significantly
lower than that (43e63%) in wet areas where no living
trees were observed (P < 0.01). Soil moisture was
considerably high in 2011, during the period when the
extremely highwater levels of the Indigirka River and its
tributarieswere observed.At siteK,most of the typically
wet areas were waterlogged, and large areas of mesic
soils were saturated. Soil moisture content in the deeper
layers (20e25 cm) atK tree wetwas significantly higher
(56 ± 12%) than that at depths of 20e30 cm at K tree
mound (31 ± 8%) (F ¼ 9.5, P ¼ 0.04).
Needle d15N was positively correlated with d15N in
the surface soil (r ¼ 0.68, P < 0.01 for all sites), and
soil showed approximately 5‰ higher d15N values
than larch needles (Fig. 7). Such higher d15N values of
soils than of plants were consistent with reports in
Alaska tundra (Nadelhoffer et al., 1996). In addition,
the d15N of clay soil was higher than that of peat.
The nitrogen content of larch needles was positively
correlated with the NHþ4 pool in the surface soil layer10
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observed in July 2010 (triangles), 2011 (diamonds), and 2012 (cir-
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other three sites represent those without living trees. Closed di-
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tree wet and 20e30 cm at K tree mound, respectively). Values are
mean ± SE (standard error), calculated from repeated measurements
(n ¼ 3e24) at each site.
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336 M. Liang et al. / Polar Science 8 (2014) 327e341(r ¼ 0.77, P < 0.01; Fig. 8a). In 2012, the highest NHþ4
pool among the sampling sites was observed at site V
(105 ± 36 mg m2). At site K, the average soil NHþ4
pool in 2011e2012 at K tree mound (50 ± 25 mg m2)
was larger than that at K tree wet (28 mg m2). Soil
NO3 content was negligible at all sites. This result is
consistent with previous reports from boreal forest and
tundra ecosystems (Schimel and Bennett, 2004;
Popova et al., 2013), and is indicative of limited
nitrification in the soil.
The soil dissolved organic N (DON) pool was much
larger than the NHþ4 pool (Fig. 8b), however, there was
no correlation between needle N content and soil DON
pool in the surface soil layer. Unlike the soil NHþ4 pool,1.0
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soil layer. Number of data is different between (a) and (b), because not all s
of the two samples collected in 2012 at subsite K tree wet were below detthe DON pool did not show a clear trend. The DON
pool at site V was similar to that at K tree mound, and
that at K tree mound was higher than that at K tree wet
in 2012, while no difference was observed in 2011.
Bulk N pools in the surface soil layer at site A
(273 ± 64 g m2) and site V (269 ± 55 g m2) were
larger than that at K tree mound (169 ± 50 g m2) and
K tree wet (68 ± 37 g m2), but lower than that at site
B (401 g m2) (data not shown).
4. Discussion
4.1. Soil moisture as a controlling factor of larch
distribution
Most larch trees grew on mounds, while dead trees
were observed not only on mounds but also in and
around wet areas (Fig. 2). The lower moisture content
in surface soils at sites containing living larch trees
indicates that low soil moisture, at least in the surface
layer, is essential for the survival of larch trees. High
moisture content in surface soils is likely to be unfa-
vorable to larch growth because of oxygen depletion
and anaerobic conditions in the rhizosphere
(Kozlowski, 1984; Iwasaki et al., 2010).
The extreme wet event observed in 2011 further
confirms this idea. Most wet areas were waterlogged,
and mesic areas remained saturated until mid-summer.
The area surrounding subsite K tree wet was also
waterlogged and retained high soil moisture content
until 2012; one tree at this subsite appeared to be dying
in 2012 (Online Resource 1). Thus, surface soil500 1000 1500 2000 2500 3000
Soil DON-N pool (0 - 20 cm)
(mg N·m-2)
(b)
d (b) soil dissolved organic N (DON) pool observed at subsites K tree
osed) and 2012 (open). The N pool was determined for the 0e20 cm
amples were analyzed for DON in 2011, and the NHþ4 concentrations
ection limit.
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for larch distribution. The death of many larch trees
(Larix cajanderi Mayr.) growing in topographic de-
pressions was also observed in larch forests near
Yakutsk in eastern Siberia in 2007, after an extremely
wet summer and subsequent heavy winter snowfall
(Iwasaki et al., 2010).
It should be noted that the data on the soil moisture
content by the dying tree (40 cm from the tree) at K
tree wet was not high in 2011 (Fig. 6). However, the
soil moisture of the total area surrounding this tree is
expected to have been high. Although the data on
surface soil moisture (0e20 cm) was not different
between K tree wet and the other sites with living larch
trees, the deeper soil layer (20e25 cm) at K tree wet
had considerably higher soil moisture (about 56%)
than that at K tree mound (31%) (Fig. 6). As shown in
Table 1, the elevation of the mounds at K tree wet
(11 ± 11 cm) was much lower than that at K tree
mound (32 ± 20 cm). In addition, the horizontal extent
of the tree mound (1e2 m) was also small and isolated
at K tree wet, which is totally different from that of K
tree mound (19.4 ± 9.2 m). The lower the elevation and
the smaller the horizontal extent of the tree mounds,
the higher the risk of water saturation in the rhizo-
sphere. Obviously, topography is one of the most
important factors affecting soil moisture, which, in
turn, regulates tree distribution.
Our results indicate that larch trees can survive only
on mounds, because relatively elevated location is
necessary in some extent for the survival of the rooting
system. This result is consistent with that of Kajimoto
et al. (2007), who showed that the lateral roots of Larix
gmelinii growing on permafrost in the Siberian taiga
primarily expand in mounds rather than in depressions.
At our study sites in taiga-tundra boundary ecosystem,
the size of the tree mound affects tree growth through
both soil moisture conditions and N availability. This
issue will be discussed in the section 4.4.
Another interesting conclusion may be drawn from
the fact that dead trees were found in wet areas that
were once drier mounds supporting larch growth. Ice
rich soil and pure ice are frequently observed in the
surface layer of mounds. The formation of ground ice
implies an increase in volume when it freezes, causing
the surface to lift. In contrast, ground ice thaw causes
subsidence, which leads to the formation of wet areas.
Thus, the presence of dead trees in wet area indicates
that tree mounds have the potential to be transformed
into wet areas where waterlogging or excess soil
moisture occurs, though the mechanism of the trans-
formation has not yet been understood.4.2. Effect of N on photosynthesis and growth of larch
Needle N content differed considerably among sites
(K tree wet < B < K tree mound < A, V), and was
positively correlated with needle d13C (Figs. 4a and 5).
High needle d13C may indicate high photosynthetic
rates (Farquhar et al., 1982, 1989), which depend on
foliar N content (Evans, 1989; Hikosaka, 2004),
because N is an essential element for enzymes (e.g.,
Rubisco) in photosynthetic pathway. Therefore, posi-
tive correlations between needle d13C and needle N
content observed among sites may indicate that higher
needle N content contributes to higher photosynthetic
rates, thereby leading to higher needle d13C. Corre-
spondingly, the rates of photosynthesis observed for
larch trees at K tree mound were higher than those at K
tree wet, especially under high PAR conditions
(1500e2000 mmol m2 s1) (Fig. 3). These higher
rates of photosynthesis may explain the higher needle
d13C at K tree mound (Fig. 4).
Various parameters that may indicate C assimilation
by larch trees were also correlated with d13C. Needle
d13C was positively correlated with needle mass (dry
weight per needle, Fig. 4b). In addition, tree height and
DBH varied in the same manner as needle N content
and needle mass (Fig. 5). These results demonstrate that
greater C assimilation under higher rates of photosyn-
thesis generate larger needles and larger tree size. It
should be noted that in situ photosynthetic rates do not
necessarily reflect long-term average rates, whereas leaf
d13C does reflect the long-term average rate of photo-
synthesis (Hanba et al., 1999). Nevertheless, trees at K
tree mound showed higher rates of photosynthesis than
those at K tree wet (Fig. 3). Needle N content at the
study site may reflect N availability, which controls the
potential rate of photosynthesis. At sites where N
availability is high, higher rates of photosynthesis result
in higher needle d13C and, possibly, greater C assimi-
lation, which, in turn, leads to larger tree size.
Interestingly, there was a large difference in
photosynthetic rates between 2011 and 2012 (Fig. 3).
This year to year variation might also reflect N avail-
ability, which will be described in our next paper.
4.3. Spatial variation in N availability
Needle d15N was positively correlated with soil
d15N in the surface layer, and was approximately 5‰
lower than soil d15N, which was consistent with pre-
vious reports from various ecosystems, including tun-
dra (Nadelhoffer et al., 1996; Craine et al., 2009). This
338 M. Liang et al. / Polar Science 8 (2014) 327e341positive correlation implies that N uptake by larch trees
depends on the surface soil N.
Many factors potentially control N availability,
however, it can be said that N availability for a tree
depends on the amount of available N in a unit volume
of the soil and the volume of soil from which the larch
tree may uptake N. In other words, the amount of soil
N and rooting space regulate N availability for the tree.
In this section, spatial variation in the amount of soil N
is discussed.
As described in section 3.4, needle N content was
positively correlated with the NHþ4 pool, but not with
the DON pool (Fig. 8). It has been proposed that the
uptake of DON, rather than inorganic N, would be a
significant pathway for nutrient acquisition by plants in
nutrient poor ecosystems, such as tundra and boreal
forests (Persson and Nasholm, 2001; Kranabetter et al.,
2007). On the other hand, a 15N tracer experiment
conducted in the taiga forest of eastern Siberia showed
that larch saplings took up inorganic N but not amino
acids (Popova et al., 2013). At our study site, the form
of N utilized by larch trees has yet to be clarified.
However, it seems reasonable to conclude that needle
N content indicates N availability and that N avail-
ability is reflected in the soil NHþ4 pool.
Harmonic trends in the spatial variability of needle
N content, needle mass, and tree size (Fig. 5) may
indicate that trees are larger at sites with higher N
availability. A similar relationship between N avail-
ability and forest productivity was observed by Nordin
et al. (2001), who found that the dissolved inorganic N
pool in soil increased with increasing productivity in a
boreal forest in northern Sweden. An increase in soil
inorganic N pool with increasing stand height and
productivity was also reported for a Canadian boreal
forest (Kranabetter et al., 2007).
The amount of soil N available for larch trees is
controlled through the balance of production and
consumption. Production of available N (generally
mineralization) depends on the decomposition rate of
soil organic matter. In general, the quality of soil
organic matter determines decomposability, while soil
temperature, soil moisture, and the availability of O2 in
the soil affect the rate of decomposition (Laiho, 2006).
Soil texture may also contribute to N availability
through the ion exchange ability of clay minerals
(Hook and Burke, 2000). Finally, competition for soil
N consumption among plants and soil microbes may
also affect pool size (Schimel and Bennett, 2004;
Popova et al., 2013).
As shown in Table 1, soil NHþ4 pool at subsite K
tree wet was lower than those at site V and subsite Ktree mound. Larch trees at K tree wet were surrounded
by a sphagnum wet area, because the tree mound was
small and isolated. Therefore, the soil was expected to
contain a high fraction of sphagnum-derived peat,
which generally has an extremely slow rate of
decomposition (e.g., van Breemen, 1995; Sugimoto
and Fujita, 1997). In addition, as described in 3.4 and
4.1, soil moisture in the deeper layer (below 20 cm
depth) greatly differed between K tree mound (31%)
and K tree wet (56%) (Fig. 6). The high soil moisture
in the deeper layer of K tree wet may cause low rates of
decomposition, which, in turn, would cause a smaller
amount of available N to be transported from the
deeper soil layer to the surface through diffusion and
mass flow. Although there is no observed data on the
decomposition rate of soil organic matter, this may be
one of the important reasons for the low soil N avail-
able for larch trees at subsite K tree wet.
Soil texture is an another possible factor affecting N
availability. Although the d15N of clay soil was obvi-
ously higher than that of peat soil (Fig. 7), no signifi-
cant difference in soil NHþ4 pool was observed between
them. Large differences in soil density and content of
soil organic matter, both which affect N availability
(available N in unit volume of soil), between peat and
clay may make the relationship invisible.
4.4. Effect of topography on N availability for larch
trees
Topography plays a principal role in N availability
because it controls soil moisture. At site A, larch trees
were present on the hill slope covered by dry mosses,
which was obviously well-drained ground surface. The
other sites were mostly flat, and larch trees at those
sites were found on tree mounds. Both horizontal
extent and relative elevation of tree mounds were
greater at site V and subsite K tree mound than those at
site B and subsite K tree wet (Table 1). The average
difference in elevation between tree mounds and the
surrounding wet areas was 102 cm, 32 cm, 11 cm, and
22 cm at site V, subsite K tree mound, K tree wet, and
site B, respectively. Horizontal extent of tree mound
was also much larger at K tree mound (19.4 m in
average) than those at subsite K tree wet and site B
(less than 2 m).
Well-drained soil is essential for roots to survive.
Therefore, the wider and higher the tree mound, the
larger the rooting space. Lower level and smaller extent
of tree mounds at subsite K tree wet and site B may
cause not only smaller amount of diffusive N transport
from deeper layer to the surface layer as described in
339M. Liang et al. / Polar Science 8 (2014) 327e341the previous section but also less N to be absorbed due
to smaller rooting space than the mounds at subsite K
tree mound and site V. This seems to be one of major
factors controlling N availability for larch trees. The
availability of N for larch trees depends on the amount
of soil N and rooting space, with both factors being
ultimately controlled by microtopography.
5. Conclusion
Field observations conducted in a taiga-tundra
boundary ecosystem in an Arctic lowland of north-
eastern Siberia provided the following findings: most
living larch trees were found on mounds where soils
were relatively dry, indicating that such mounds are
essential for the survival of larch trees. Interestingly,
dead larch trees were found both on tree mounds and in
wet areas, indicating that microtopography may
change over time.
Needle N content was positively correlated with
needle d13C, needle mass, tree size, and soil NHþ4 pool.
Although the forms of nitrogen used by larch trees
have not yet been clarified, the soil NHþ4 pool is
thought to indicate N availability, which in turn may be
projected by needle N content. The availability of N
may ultimately depend on the microtopography of the
site. At sites with higher and larger tree mounds, or
well-drained soils, soil N pool available for trees was
large and rooting space was also expected to be large.
As a result, needle N content was higher and high rates
of photosynthesis presumably led to higher needle
d13C. This may have enabled greater C assimilation
and as a result larger needle mass, primary production
and tree size. In contrast, areas with lower and smaller
tree mounds, and surrounded by sphagnum peat, have
lower quantities of available N and lower needle N
content. At those sites, lower rates of photosynthesis
resulted in lower needle d13C and may have led to
smaller needle mass and tree size.
Tree mounds with lower soil moisture are necessary
for the survival of larch trees. In eastern Siberia,
including our study site, permafrost with high ice
content or pure ice is frequently present below tree
mounds, since formation of the mounds is closely
related to existence of the ice wedge. If this ground ice
melts, surface subsidence is likely to occur, which will
lead to expansion of wet areas and to a possible
reduction in areas supporting larch trees. Even if sub-
sidence is limited to the areas around tree mounds,
reduced mound area may reduce rooting space and
therefore cause decreased N availability, resulting in a
decline in larch productivity.Acknowledgments
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